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Carbon dioxide (CO2) is the most important anthropogenic green-
house gas in the present-day climate. Most of the community
focuses on its long-term (decadal to centennial) behaviors that
are relevant to climate change, but there are relatively few discus-
sions of its higher-frequency forms of variability, and none regard-
ing its subseasonal distribution. In this work, we report a large-
scale intraseasonal variation in the Atmospheric Infrared Sounder
CO2 data in the global tropical region associatedwith theMadden–
Julian oscillation (MJO). The peak-to-peak amplitude of the compo-
site MJO modulation is ∼1 ppmv, with a standard error of the
composite mean <0.1 ppmv. The correlation structure between
CO2 and rainfall and vertical velocity indicate positive (negative)
anomalies in CO2 arise due to upward (downward) large-scale
vertical motions in the lower troposphere associatedwith theMJO.
These findings can help elucidate how faster processes can orga-
nize, transport, and mix CO2 and provide a robustness test for
coupled carbon–climate models.
convection ∣ intraseasonal variability ∣ remote sensing
Discovered in ground-based observations of zonal wind andsurface pressure anomalies in the 1970s, the Madden–Julian
oscillation (MJO) is the most important tropical intraseasonal
variability. The MJO is characterized by slow (∼5 ms−1) east-
ward-propagating, large-scale oscillations in tropical deep con-
vection and baroclinic winds, especially over the warmest tropical
waters in the equatorial Indian and western Pacific oceans during
boreal winter (November–April) when the Indo-Pacific warm
pool is centered near the equator (1–4). The MJO interacts with
a number of weather and climate phenomena (4), atmospheric
dynamics (5–7), ocean biology, and atmospheric chemical tracers
(8–11). Our purpose is to examine the MJO’s modulation of
atmospheric carbon dioxide (CO2).
CO2 is the most important anthropogenic greenhouse gas in
the present-day climate, contributing more than 50% of the total
anthropogenic warming (12–14). Recently, the CO2 mixing ratios
in the middle troposphere (∼5–10 km) have been retrieved using
data from the Atmospheric Infrared Sounder (AIRS) aboard
National Aeronautics and Space Administration (NASA)’s Aqua
satellite (15–17). This seven-year global daily CO2 dataset has
shown rich variability with time scales from semiannual to inter-
annual [e.g., El Niño–Southern oscillation (ENSO)] (17, 18),
which helps improve our understanding of major processes that
control the carbon exchange among reservoirs.
The AIRS Level 2 mid-tropospheric CO2 product is retrieved
using as input the AIRS Level 2 temperature, water vapor, and
ozone geophysical products and selected channels of cloud-
cleared radiances within the CO2 absorption bands, i.e., 704–
721 cm−1 (15–17). The spatial resolution at nadir is 90 km×
90 km, and the product is a column-weighted average of the
CO2 volumemixing ratio profile. At tropical latitudes, the weight-
ing function peak occurs at 400 hPa (∼7.5 km) and decreases
to half its value at 120 hPa (∼15 km) and 515 hPa (∼5.5 km)
(see figure 1 of ref. 15). Validation by comparison to in situ aircraft
and ground-based measurements demonstrates that individual
retrievals of AIRS CO2 are accurate to better than 2 ppmv be-
tween latitudes 30 °S and 80 °N (17). The CO2 Level 3 daily
product employed in our analysis is an average of the individual
Level 2 CO2 retrievals over a 24-h span within a 2.5°-longitude ×
2°-latitude grid. For latitudes between40°, the number of retrie-
vals being averaged in each grid for each day ranges between
zero to a maximum of 15, depending on the availability of at least
three valid AIRS Level 2 retrievals in a 2 × 2 grouping of adjacent
retrievals. This unprecedented AIRSmid-tropospheric CO2 data-
set provides great opportunity for climate studies and unique con-
straints for climate models. For example, based on the AIRS mid-
tropospheric CO2 data, it has been shown that convection in some
of the chemistry–climatemodels has to be strengthened in order to
reproduce observed CO2 latitudinal gradient (19). In addition, the
impact of changes in the Walker circulation over the central and
western Pacific Ocean as a result of ENSO have been detected in
the AIRS mid-tropospheric CO2 data (18). For this reason, we
expect that convection and large-scale vertical motion may also
regulate CO2 on the intraseasonal scale and AIRS mid-tropo-
spheric CO2 data may be able to reveal the MJO signal in CO2.
Results
Fig. 1 shows the composite maps of the MJO-related mid-tropo-
spheric CO2 variation for eight commonly used phases of the
MJO (20, 21) defined by the pair of all-season real-time multi-
variate MJO (RMM) indices (20). These maps are created using
AIRS 2.5° × 2° gridded Level 3 CO2 data during the boreal
winters in November 2002–February 2010. Fig. S1 shows the
(RMM1, RMM2) phase space for boreal winter from 2002 to
2010 to indicate the number of days for each phase of the com-
posite MJO cycle. Only days with strong MJO activity ðRMM21þ
RMM22 ≥ 1Þ are considered. Fig. S2 shows the number of daily,
cloud-cleared data being averaged in the composite mean at
different locations (seeMethods Summary for details). To indicate
the eastward propagation of the convective anomaly associated
with the MJO, we overlaid the rainfall MJO anomalies from
the Tropical Rainfall Measuring Mission (TRMM; solid/dotted
contour lines) (22) in Fig. 1. The TRMM rainfall data we used
cover the same period as AIRS and are interpolated onto the
same 2.5° × 2° grids as AIRS. For improved visualization, a
10° longitude × 8° latitude running average is applied to both
CO2 and rainfall anomalies to remove high-wavenumber spatial
fluctuations. In phase 1, a positive rainfall anomaly is found in the
western equatorial Indian Ocean, indicating the presence of en-
hanced convection and rising air motion in this area. A significant
positive anomaly in CO2 (∼þ 0.4 ppmv) is also apparent in this
area. When the rising air mass reaches the upper troposphere, it
diverges away from the cluster center and subsides in both east
and west sides (e.g., Indonesia), where the air becomes relatively
Author contributions: K.-F.L., B.T., D.E.W., and Y.L.Y. designed research; K.-F.L. performed
research; K.-F.L. analyzed data; and K.-F.L. wrote the paper.
The authors declare no conflict of interest.
*This Direct Submission article had a prearranged editor.
1To whom correspondence should be addressed. E-mail: kfl@gps.caltech.edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1008222107/-/DCSupplemental.
www.pnas.org/cgi/doi/10.1073/pnas.1008222107 PNAS ∣ November 9, 2010 ∣ vol. 107 ∣ no. 45 ∣ 19171–19175
EN
V
IR
O
N
M
EN
TA
L
SC
IE
N
CE
S
drier and the convection is suppressed, as indicated by a negative
rainfall anomaly. These dry areas show a negative anomaly
(∼ − 0.4 ppmv) in AIRS CO2, which extends all the way to the
Eastern Pacific and South America, where the rainfall anomaly
is small. In phases 2–4, the positive rainfall anomaly propagates
eastward with a speed of∼5 ms−1. The positive CO2 anomaly also
propagates eastward, and the propagation pattern is consistent
with that of the rainfall. Meanwhile, there is a significant drop
in CO2 (∼ − 0.6 ppmv) over South America and central Africa,
where the rainfall anomaly is weak. In phases 5–8, the enhanced
convection moves from the Maritime Continent to the central
Pacific, while the convection is suppressed in the Indian Ocean
as indicated by a negative rainfall anomaly there. Meanwhile,
the enhanced CO2 (∼þ 0.3 ppmv) propagates with the enhanced
convection into the central Pacific. In addition, a positive CO2
anomaly (∼þ 0.5 ppmv) develops over the eastern Pacific and
South America and it travels across the Atlantic Ocean to the
central Africa. The speed of propagation in this relatively convec-
tion-free region is much faster (∼20 ms−1), yet consistent with
the observed dynamical life cycle of the MJO (23). The anomaly
continues to propagate into the Indian Ocean and the MJO cycle
by inference repeats.
The main thermal infrared channels for CO2 retrieval have
some dependence on the presence of water vapor (H2O), where
a 10% error in water is estimated to cause a 1-ppmv bias in CO2
(15). To examine any residual effects of H2O in the retrieved
CO2, we show in Fig. 2 a scatter plot of all daily CO2 and AIRS
550-hPa H2O anomalies between 10 °S–10 °N, where the seasonal
cycles are removed. The color contours represent the probability
distribution function (PDF) of the scatter points. A least squares
fit gives a slope of ∼0.13 0.01 ppmv-CO2 per g∕kg-H2O. If we
assume that the slope is completely due to the retrieval bias from
the H2O absorption bands and assume that theMJO amplitude in
H2O at that level is ∼1.4 g∕kg (9), then the bias in CO2 would be
∼0.17 ppmv, which is much less than the signal we found above.
Therefore, the MJO signal in AIRS CO2 is unlikely an artifact of
retrieval errors due to H2O absorption.
Relations with Vertical Motions
The above comparison suggests that large-scale vertical motions
may account for theMJOmodulations in CO2. Hence, to quantify
their effects on the AIRS CO2 variations, we compute the MJO-
related pressure velocity anomalies at 700 hPa (ω700) from the
European Center for Medium-range Weather Forecasting
(ECMWF) Interim reanalysis (ERA-interim) product covering
the same period as AIRS. Furthermore, the ERA-interim data
have been interpolated on the same 2.5° × 2° spatial grids asAIRS.
For later discussion, we define the negative pressure velocity
~ω700 ¼ −ω700 such that positive (negative) ~ω700 refers to rising
(sinking) motions. The ~ω700 anomalies from ERA-interim are
shown in Fig. 3 (solid/dotted contours) and so are the CO2 anoma-
lies. For comparison, a 10°longitude × 8°latitude running average
has also been applied. Over the Indian Ocean and the western
Pacific, the MJO modulation of ~ω700 resembles that of AIRS
CO2, and they are positively correlated. Over the eastern Pacific
and the American continents, the ~ω700 anomalies, though weak,
Fig. 1. MJO-related AIRS CO2 anomalies. The MJO phase is defined using the All-season Real-time Multivariate MJO Index (RMM1, RMM2). Each phase
represents a period of ∼6 d. Only those days that satisfy RMM21 þ RMM22 ≥ 1 are included in the composite mean calculation. To indicate the propagation
of the MJO, we overlaid the MJO-related rainfall anomaly using solid (dotted) contours for regions of values greater (lower) than þ1 ð−1Þ mmd−1. The 20° ×
20° square boxes enclose the representative regions for Fig. 5. For visualization, a 10°longitude × 8°latitude running average is applied to both CO2 and rainfall
anomalies to remove high-wavenumber spatial fluctuations.
Fig. 2. Scatter plot of AIRS Level 3 CO2 and H2O daily anomalies during the
winters of September 2002–November 2009 between 10 °S and 10 °N. Color
contours represent the probability distribution function of the scattered
points. The slope of the linear fit is 0.13 0.01 ppmv-CO2 per g∕kg-H2O.
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show some variations that are also consistent with theCO2 anoma-
lies (compare Fig. 3). Because of the uncertainty in the vertical
velocity from reanalyses, we also show in Fig. S3 the ~ω700 anoma-
lies from the National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR) rea-
nalysis. In general, the spatial-temporal patterns of ~ω700 anomalies
from NCEP/NCAR reanalysis are consistent with those from
ERA-interim and are also positively correlated with the AIRS
CO2 anomalies.
To further study their correlation, we compute the covariance
of theMJO-modulated anomaly of CO2 with that of ~ω700, which is
shown in Fig. 4. It has been suggested that covariance or linear
regression coefficients are more robust quantities than the corre-
lation coefficients for filtered data (24). A positive covariance is
generally seen over the western hemispheric oceans. It extends
eastward from the equatorial western Indian Ocean, reaching
a maximum (∼2.5 ppmvmPa s−1) over Indonesia, to the central
Pacific. The southward movement of the covariance in the central
Pacific resembles the characteristics of the MJO during boreal
winters. In the eastern Pacific, there is a positive covariance
(∼1.3 ppmvmPa s−1) near the coastline of Peru (0 °N, 80 °W).
Overall, large-scale vertical motions in the lower troposphere
are positively correlated with the MJO-related CO2 anomalies.
To highlight the temporal variations in the variability of CO2
and vertical motions, we show in Fig. 5 the time series in three re-
presentative regions over the western Indian Ocean, Indonesia,
and the eastern Pacific Ocean. These regions are enclosed by
20° × 20° square boxes shown in Figs. 1 and 2 and Fig. S3. The east-
ward movement of the convective anomaly associated with the
MJO is referenced by the rainfall anomaly. In general, these time
series suggest a reasonably coherent MJO evolution between the
relevant variables. The standard errors of the mean CO2 varia-
tions, shown in blue shades, are of order ∼0.02–0.05 ppmv. It is
evident that the CO2 anomaly exhibits roughly the same magni-
tudes (∼0.5 ppmv) over all of the selected locations and is signifi-
cantly different from zero at the 99% level or better, clearly
showing its global effects. Over all three locations, the CO2 varia-
tion is positively correlated with ERA-interim ~ω700. We note that
the peak-to-peak amplitude of ERA-interim ~ω700 over Indonesia
(∼13 mPa s−1) is about four times as strong as that over the other
locations, likely due to the warmer sea-surface temperature. For
comparison, the NCEP/NCAR ~ω700 anomalies are overlaid in
Fig. 5. The ~ω700 variations from the two reanalyses are generally
consistent with each other, although NCEP/NCAR ~ω700 is moder-
ately stronger over the Indian Ocean and eastern Pacific. More-
over, there are some phase differences between NCEP/NCAR
~ω700 and CO2 and between NCEP/NCAR ~ω700 and ERA-interim
~ω700. Thus, ~ω700 from both ERA-interim and NCEP/NCAR pro-
vide at least a qualitative picture that supports lower tropospheric
verticalmotions being an important driver of theMJOmodulation
on the mid-tropospheric CO2.
Concluding Remarks
We have presented the observation of the MJO modulation
in free-tropospheric CO2. To date, there has been no attempt
to simulate intraannual or interannual variability (e.g., ENSO) in
atmospheric CO2 (18). Thus the above observation provides a
unique constraint as well as a robustness test for coupled car-
bon–climate models. The peak-to-peak amplitude is of order
∼1 ppmv, which will have important implications on satellite mea-
surements, such as NASA’s Orbiting Carbon Observatory II and
Japan Aerospace Exploration Agency’s Greenhouse Gases Ob-
serving Satellite (GOSAT), that are designed to measure tropo-
Fig. 3. Same as Fig. 1 except that ERA-interim 700-hPa pressure velocity anomalies ~ω700 are overlaid. The pressure velocity data cover the same period and
have been interpolated to the same spatial grid as AIRS. Note that we redefined the pressure velocity such that positive (negative) values indicate rising
(sinking) motions.
Fig. 4. The covariance between the MJO-related AIRS CO2 and ERA-interim
700-hPa vertical velocity anomalies. A 10°longitude × 8°latitude running
average has been applied. Positive covariance suggests that positive CO2
anomalies are associated with enhanced upward motions, and vice versa.
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spheric CO2 column with a precision better than 1 ppmv for
determining carbon fluxes (25). It is also noted that for processes
such as the MJO, the satellite instrument designs must account
for cloud effects and the natural correlations between them
and the moist processes and trace gases distributions that are so
closely linked in order to accurately measure trace gas abundance
in the lower atmosphere and under disturbed atmospheric condi-
tions. This is likely to be achieved only through a multisensor
framework that includes high spatial and spectral resolutions.
Our results also provide hints to the vertical distribution of
CO2. Because large-scale upward motions effectively transport
air from the boundary layer to the free troposphere, on the time
scale of about a day, the positive anomaly of AIRS CO2 over
regions with enhanced upward motion suggests that the surface
CO2 being brought up to the free troposphere has higher concen-
tration than those in the free troposphere. Similarly, the negative
anomaly over regions characterized by downward motion indi-
cates that the sinking air from the free troposphere has lower
CO2. This seems to be generally true for the whole tropics. To
verify this, the CO2 averages of the National Oceanic and Atmo-
spheric Administration (NOAA) Earth System Research Labora-
tory (ESRL) ground-based measurements in Guam (13.45 °N,
144.8 °E; pink line) (26) are compared with the Comprehensive
Observation Network for Trace Gases by Airliner (CONTRA-
IL)’s airborne flask measurements in the free troposphere near
the region (blue line) (27, 28) during boreal winters from 1994 to
2008 (Fig. 6). The CONTRAIL measurements are averaged be-
tween 5 °N–20 °N and 10–12 km. Guam is well-suited for this
purpose because it is near the tropical warm pool region, where
the MJO is active. Throughout the 15-year record, the ground
CO2 values are consistently higher by an average of 0.67
0.26 ppmv (black dot with an error bar), which is of the same
order of magnitude of the MJO anomalies shown in Fig. 1.
The High-Performance Instrumented Airborne Platform for
Environmental Research Pole-to-Pole Observations project, in
which CO2 concentrations and other trace gases at various lati-
tudes in the Pacific basin are sampled between ∼1 km and 45 km,
will provide another investigation of the CO2 vertical profile in
the Pacific regions.
Tropospheric CO2 has also been measured by NASA’s Tropo-
spheric Emission Spectrometer and European Space Agency
(ESA)’s Infrared Atmospheric Sounding Interferometer using
thermal infrared channels similar to AIRS, ESA’s Scanning Ima-
ging Absorption Spectrometer for Atmospheric Cartography, and
GOSATusing the CO2 absorption bands in near-infrared, which
characterize CO2 at different altitudes. However, these data re-
cords are too short to provide a robust characterization of intra-
seasonal variability or have not yet been published. As these
limitations are overcome, these independent datasets would com-
bine to give collocated, vertical profiles of CO2 and help confirm
our findings.
Methods Summary
In Figs. 1 and 2 and Fig. S3, we defined the phase of the MJO
using the RMM index (20). The RMM index consists of a pair of
principal component time series, called RMM1 and RMM2,
which are the projection of the daily observed NOAA outgoing
longwave radiation (OLR) and NCEP/NCAR reanalysis and/or
Australian Bureau of Meteorology Research Center Global
Analysis and Prediction analysis 850- and 200-hPa zonal winds,
with the annual cycle and components of interannual variability
removed, on a pair of multiple-variable empirical orthogonal
functions (EOFs). Two such EOFs are the leading pair of EOFs
of the combined daily intraseasonal filtered fields of near-equa-
torially averaged (15 °S–15 °N) NOAA OLR and NCEP/NCAR
850- and 200-hPa zonal winds for all seasons from 1979 to
2001 (23 y) and describe the key features of the MJO. Fig. S1
shows the (RMM1, RMM2) phase space for all days in boreal
winter from November 2002 to February 2010 and the number
of days for each phase of the composite MJO cycle. Only days
with strong MJO activity ðRMM21 þRMM22 ≥ 1Þ are considered.
In general, the number of days in each phase of the composite
MJO cycle ranges from 80 to 140 d. Noting that depending on the
local cloud conditions, there may be zero or multiple CO2 retrie-
vals at each grid point on each individual day, the number of CO2
retrievals being averaged in each phase of the composite MJO
cycle (Nq) may range from ∼10 for cloudy regions (e.g., eastern
Indian Ocean) to ∼500 for cloud-free regions (e.g., eastern Pa-
cific; Fig. S2). The same method was applied to the time series
shown in Fig. 5, except that the composite means were calculated
Fig. 5. Composite MJO time series of AIRS CO2, reanalysis 700-hPa vertical velocity, and TRMM rainfall anomalies over the western Indian Ocean, Indonesia,
and the eastern Pacific Ocean enclosed by the square boxes in Figs. 1 and 2 and Fig. S3. The blue bar overlaid on CO2 shows the 99% confidence interval of the
composite-mean uncertainty.
Fig. 6. Comparison of CO2 winter averages from 1994 to 2008 between
NOAA ESRL ground station (pink line) and CONTRAIL airborne flask measure-
ments (blue line) over Guam (13.45 °N, 144.8 °E). Each square or triangle
represents an individual measurement being used. During each flight, an
individual airborne measurement shown in the figure is defined as an aver-
age of all flask measurements conducted between 5 °N–20 °N and 10–12 km.
The yellow-filled area shows the ground-station values subtracted by the
aircraft ones. The 15-y averaged difference is 0.67 0.26 ppmv (black dot
with an error bar).
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using all daily data satisfying the above criteria in the 20° × 20°
square boxes. The total number of CO2 retrievals ~Nq being aver-
aged in each square box is thus the sum of Nq over all the indi-
vidual grid points within that box: ~Nq ¼ ∑20°×20°grid boxNq. The
critical value α for 99% confidence interval was derived from
a two-tailed Student’s t statistics, where the degree of freedom
was ~Nq − 1. The 99% confidence interval was given by
ð ~μ − α ~σffiffiffiffi
~Nq
p ; ~μþ α ~σffiffiffiffi
~Nq
p Þ, where ~μ and ~σ are the mean and the stan-
dard deviation of the data being averaged. Over the western
Indian Ocean and the eastern Pacific Ocean, ~Nq ranges from
5,000 to 8,000, and the standard errors of the sample means at
99% level, α ~σ∕
ffiffiffiffiffiffi
~Nq
q
, of the CO2 composite means are thus
∼0.02 ppmv. Because the region near Indonesia is relatively clou-
dy, ~Nq drops to 2,000–5,000. Consequently, the standard errors
of the sample means over Indonesia are ∼0.05 ppmv.
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